Abstract-With the aid of global positioning system (GPS), synchronized measurement devices (SMDs) are increasingly deployed across power systems to monitor the status of electric grids by providing accurate measurement data along with unified time stamps. Unfortunately, GPS receivers tend to lose signal lock when certain uncontrollable and unpredictable factors arise. In order to investigate the presence of GPS signal loss (GSL) issues on measurement devices, analysis is performed on historical data from both phasor data concentrators and FNET/GridEye servers. Meanwhile, the impact of GSL on field measurement accuracy has not been previously explored in depth. Through analysis and experimental tests, this paper discovers angle drift caused by GSL, which consequently leads to the total vector error exceeding the IEEE standard C37.118.1-2011. Furthermore, a compensation method is proposed to rectify the angle drift and laboratory experiments demonstrate that the proposed method does effectively reduce angle drift and mitigate the impact of GSL in SMDs.
I. INTRODUCTION
G LOBAL Positioning System (GPS) time synchronization, which can solve the well-known time-skew problem in the supervisory control and data acquisition (SCADA) system, is one of the most characteristic features of modern measurement systems [1] . Synchronized measurement devices (SMDs), first developed in the early 1980s, provide synchronized measurement results with accurate time stamps from GPS signals, have the ability to monitor the status of the entire electric power grid, and have been widely deployed for power grid visualization, protection, operation, and control [2] .
Measurement devices equipped with GPS signal receivers for time synchronization are installed in power grid. Grid status parameters such as frequency, phasor angle, and amplitude, are recorded periodically. The waveform sampling is synchronized across all units by the timing signal from the GPS receiver. To cope with different delays of data transmission across the SMD fleet, time stamps are attached in the data with the sampled measurements. Then the data are transmitted to a data center for application and storage [3] .
According to IEEE standard C37.118.2011, the total vector error (TVE) of phasor measurements should be less than 1% [4] , which requires precise time synchronization such as that provided by GPS. A phase angle error of 0.01 radian will cause 1% TVE. Thus the minimum requirement for the time reference accuracy is 26 μs for a 60 Hz system and ±31 μs for a 50 Hz system.
One of the critical issues for SMDs is the reliability of GPS signal. Various uncontrollable and unpredictable factors (e.g., atmospheric disturbances, failure of the GPS antenna, electromagnetic interference, weather change, GPS signal attack, or solar activity [5] , [6] ) may cause GPS receivers to lose signal occasionally, even if their antennas are placed in a location with an unobstructed view of the satellites. This may consequently influence the quality of measurement data [7] . Applications in power systems that rely on synchronized measurements that may be vulnerable to GPS signal loss (GSL) include 1) state estimation [8] , power system protection [9] - [11] 2) fault detection [12] , and 3) event location [13] etc.
In IEEE standard C37.118.2 on synchrophasor data transfer for power systems, a flag in the data output is provided to indicate a loss of time synchronization and shall be set to "1" when loss of synchronization could cause the TVE to exceed the limit or within one minute of actual loss of synchronization [14] .
Since the reliability of measurement data can be quickly degraded by unavailability or instability of GPS, some SMDs are equipped with an accurate secondary timing source such as the eLoran timing system or an atomic clock timing system to improve the reliability and security of measurements in cases where GPS signal is not available [15] - [17] . Another method to improve the SMD reliability is the redundancy design of GPS receiver [18] . However, those methods were straightforward and effective but require additional hardware costs, which impedes their application in high volume production.
As an increasing number of SMDs are deployed in power grids, the necessity to evaluate the unavailability and instability of GPS signals among these deployed devices via analysis of real measurement data arises. This paper conducts an analysis on the historical data from phasor data concentrators (PDCs) and FNET/GridEye servers for the years 2008 to 2015 to find the presence of GSL in SMDs. To study the impact of GSL in SMDs, both analysis and experiments are performed. From the analysis and test results, the timing error caused by GSL introduces a significant angle drift and consequently leads to TVE exceeding IEEE standard. To reduce the angle drift to an acceptable level, this paper proposes an angle compensation strategy triggered once the GPS signal is lost without adding any extra hardware. The effectiveness and practicality of the proposed method have been verified by its application to one type of SMDs.
The organization of this paper is as follows: In Section II, a preliminary statistics of the real-world GSL issue in SMDs is presented; Section III analyzes the impact of GSL on SMD measurement accuracy; Section IV presents the lab test results to evaluate the impact of GSL on the performance of SMDs; The angle compensation method and its implementation results are presented in Section V; Finally, conclusions are provided in Section VI.
II. OBSERVED GPS SIGNAL LOSS IN SMDS
As discussed earlier, there are times when GPS receivers fail to acquire a satisfactory signal due to unavailability or instability. To evaluate the problem of GSL in SMDs, an analysis on historical SMD data from PDCs (from 2009 to 2012) and FNET/GridEye severs (from 2010 to 2015) is performed.
A. Analysis of Commercial PMUs Data
Historical data from commercial phasor measurement units (PMUs) deployed in North America Eastern Interconnection are analyzed. The data come from a PDC in Atlanta, Georgia with a reporting rate of 30 Hz.
According to the data format standard for synchrophasor data transfer for power systems, IEEE C37.118.2 [14] , the GPS timing signal is indicated by the 13 th bit of the STAT flag: "0" indicates with GPS signal whereas "1" means without GPS signal as illustrated in Fig. 1 . This bit is scanned to locate the GSL and signal recovery time. According to the PMU standard [14] , if any data that goes in a frame is not present when the frame is assembled, the PDC will set bits 14 and 15 of STAT from "00" to "10" to indicate the data in this PMU is not valid. Since the GSL will not influence the connection between the PDC and PMUs, we only use the valid data with bits 14 and 15 of STAT "00" for the GSL statistical analysis. According the analysis of the historical PMU data from 2009 to 2012, all deployed PMUs have GSL issues, which demonstrates that GSL is a universal problem in SMDs. The units with GSL more than once per day on average are defined as frequent GSL units. Table I shows that more than 60% of PMUs suffering from frequent GSL.
B. Analysis of FNET/GridEye Data
Originally developed in 2003, FNET/GridEye collects measurement data (frequency, voltage magnitude and angle) using frequency disturbance recorders (FDRs), a type of single-phase variant of PMUs shown in Fig. 2 . As of Nov 2015, more than 220 FDRs are deployed across North America and other areas worldwide [19] - [21] . Fig. 3(a) shows the current FDR installation locations in North America and Fig. 3(b) shows the world map of FDR deployment. As a complete widearea monitoring system, all the measurement data collected by FDRs are transmitted to the FNET/GridEye servers hosted at the University of Tennessee, Knoxville (UTK), and Oak Ridge National Laboratory (ORNL) for data storage and processing [22] - [24] .
In addition to the standard GPS information recorded by commercial PMUs, FDRs include the number of locked GPS satellites, an indicator of the signal strength, in their data frames. With good signal reception, a receiver should be able to lock 4 to 12 satellites [7] . When the number of satellites in the data frame is zero, the device begins to lose synchronization with GPS.
In real implementations, to reduce the network bandwidth usage and save data storage space, the current generation of FDRs stops sending data once losing GPS signal for two hours. Exploring the GSL in FDR data from 2010 to 2015, it is seen that the percentage of FDRs with frequent GSL is in the range of 60% to 80% as illustrated in Table II . 
C. GPS Signal Recovery Time
Above results demonstrate that GSL is a typical and widespread phenomenon in SMDs and requires heightened attention in future research and field implementation. How long it takes for a GPS receiver to recover from GSL also matters. Fig. 4 illustrates the distribution of GPS signal recovery time for both commercial PMUs and FDRs. It can be seen that the probability distribution for PMUs and FDRs follow a similar tendency. The curves both drop dramatically as recovery time increases and approach zero after 30 minutes, which indicates that most GSL is recoverable within a short time period (typically 30 minutes) for both types of SMDs.
III. IMPACT ANALYSIS OF GSL ON SMD MEASUREMENT
In this section, the impact of GSL on SMD measurement is studied. Firstly, the timing error after losing GPS signal is discussed. Secondly, the impact of timing error on measurement including frequency, angle, and amplitude is presented.
A. Analysis of Timing Error After Losing GPS Signal
Accurate time information from GPS receivers is essential for data synchronization in wide-area deployment of SMDs. By demodulating the GPS signal, the GPS receiver can align its time with coordinated universal time (UTC) and then output a high precision pulse per second (PPS) signal for synchronization. The local receiver adjusts the phase of its oscillator to match the received signal. The delay caused by signal propagation and the Earth's rotation will be corrected by the local receiver. Other information, e.g., number of satellites locked, location coordinates, and satellite clock time, can be output in a millisecond level sub-frame after the PPS.
It should be noted that the error of PPS with stable GPS signal is typically less than 30 nanosecond, which is critical in order to realize accurate, stable, and synchronized measurement. Waveform sampling by an analog digital converter (ADC) in SMDs is triggered by the PPS as illustrated in Fig. 5 . Although sampling between adjacent PPS signals is still controlled by the internal oscillator, the error caused by the oscillator can be cleared via PPS-trigger sampling each second. Once SMDs lose GPS time synchronization, they should rely on their internal crystal oscillators to provide the timing reference without GPS correction. Because of their accessibility and low cost, quartz-based crystals are used as the timing source in most measurement devices [25] , [26] . However, there is an unintended and generally arbitrary frequency drift from the nominal frequency for crystals oscillators, which is caused by changes in temperature that alter the piezoelectric effect, problems with voltage regulators which controls the bias voltage to the oscillator, component aging, etc. [27] , [28] . For example, shifts in temperature can increase frequency drift by tens of PPM (part per million) even within the standard temperature range. The frequency drift of the oscillators will introduce a timing error in SMDs.
B. Impact of Timing Error on Measurement
Assuming the timing error caused by frequency drift of the oscillators is t PPS μs, the angle error affected by this timing error within one second is [29] Error Angle = 2π × T PPS × 10
where f 0 is the frequency of the power grid. Assuming the timing error is 0.2 μs and power grid frequency is 60 Hz, the angle error is only 7.63 E-5 radians. However, the error would accumulate each second. Assuming the incremental error is constant for each second and there is no error in magnitude measurement, the accumulated error over 10 minutes is 4.53 E-2 radians, which exceeds the 1% TVE limit of the IEEE standard. According to the operation principle of synchronized measurement devices, the PPS timing error will only directly affect the first sampling each second. As a result, the measurement angle has the same DC offset each second. As the frequency can be defined as the derivation of angle in the typical frequency measurement algorithms [29] , the frequency error caused by this timing error is
If the frequency of the power grid f 0 is in steady-state, there is no frequency measurement error caused by this timing error. Assuming f 0 ramps at a rate of 1 Hz/s, which is very unlikely large in the power system, the frequency estimation error caused by this timing error is only 0.1 μHz, which can still be ignored in power system applications. Thus, compared to the frequency, the angle measurement error is more sensitive Fig. 6 . PPS error from a GPS receiver when GPS signal is lost.
to the timing error caused by frequency drift of oscillators without GPS signal correction.
IV. IMPACT TEST OF GSL IN SMDS
In this section, the impact of GSL in SMDs is studied via experimental tests. Without receiving a GPS signal, SMDs are threatened by the oscillator frequency drift. To understand the impact of GSL on SMDs, the output PPS from the GPS receiver without receiving a GPS signal is first tested. Furthermore, since the timing significantly influences measurement accuracy, especially for the angle, it is necessary to explore the measurement accuracy of SMDs without acquisition of GPS signals via real test. The performance of the FDR is studied here with input signals from both a signal generator and the real power grid. These results can be generalized to all other SMDs which rely on PPS signals and DFT-based measurement algorithms. The collected FDR measurements are sent to the FNET/GridEye servers for performance evaluation. Since most SMDs recovered from GSL within 30 minutes, as seen in Fig. 4 , this test focuses on the performance of FDRs in the first 30 minutes after losing GPS signal.
A. PPS Timing Error Test
The GPS receiver tested is the Motorola M12+ model [30] used in FDRs. In the ideal condition, the time interval between two adjacent PPS signals is one second. The actual PPS signals are evaluated by measuring the time interval between two adjacent PPS pulses. Thus, timing error "S1", "S2" and "S3" are obtained by comparing the actual timing interval of PPS pulses and 1 second.
As illustrated in Fig. 6 , the PPS has an approximate 0.15 μs error when receivers lose GPS signal. The error accumulates and leads to the time drift shown in Fig. 7 . The drift nearly reaches 56 μs after GPS signal is lost for 6 minutes, which amounts to an angle error of 2.2E-2 radians when frequency of signal is 60Hz.
The pattern of the output PPS error after GSL is illustrated in Fig. 8 . The PPS timing error "S1" occurs when GPS signal is lost. When the GPS signal is re-locked, the PPS will undergo a two second transition with two spikes "S2" and "S3", which compensates the total time drift during the period without GPS signal. Thus "S1", "S2" and "S3" should satisfy the following equation
where k is the number of seconds of GSL. Table III gives some real measurements of "S1", "S2", and "S3". The big spike "S2" can be as large as several hundred microseconds.
B. Test With a Signal Generator
As shown in Fig. 9 , a Doble F6150 Power System Simulator (equipped with GPS antenna) is used to generate simulated signals (60 Hz, 120V) for the FDRs. A photo of the test setup is presented in Fig. 10 .
The Doble power source is required to obtain stable GPS signals throughout the test so it can act as an accurate and The results of frequency, angle, and voltage magnitude are shown in Fig. 11(a)-(c) . It can be seen that the accuracy of frequency and voltage magnitude measurements are not noticeably affected by the GSL while the measurement error of the angle increases linearly with GSL duration. The angle drift is caused by the accumulating error of the initiating PPS imprecision that is introduced once the GPS signal and the resulting time synchronization are lost. The measurement of frequency is not as sensitive as angle because frequency is not directly measured but calculated through derivation of angle. According to the typical DFT based synchronized measurement algorithm presented [24] , [25] , the linear drift of angle will not influence the frequency calculation result.
Another interesting phenomenon that should be noted is that the angle drift for each of the three tested FDRs are different. The slopes are 0.00233 rad/min for unit 1, 0.00481 rad/min for unit 2, and 0.00651 rad/min for unit 3, respectively. Considering that FDRs depend on their internal crystal oscillators after losing GPS signal, this indicates that the frequency drift of each crystal oscillator is different caused by difference in the degree of aging or operation temperature. As a result, angle drift speed is random for each individual FDR.
C. Test With Real Power Grid Signals
To test FDR performance with actual power grid signals, three FDRs, unit 1, unit 2 and unit 3, are connected to real power grid signals simultaneously. The first FDR, unit 1, selected as the measurement reference, is connected to a GPS antenna for the duration of the entire procedure to guarantee measurement accuracy. The antenna of FDR unit 2 is also connected for the whole procedure for the sake of comparison. The antenna of FDR unit 3 is unplugged to simulate the effect of GSL for 35 minutes and then re-connected to re-lock the GPS signals. The results are shown in Fig. 12(a)-(c) and are similar to the results seen using the signal generator. A significant angle drift can be observed when losing GPS signal while the impact on frequency and voltage magnitude are very small. There is a sharp angle drop when the units re-locks the GPS signal, seen in both Fig. 11(b) and Fig. 12(b) , which is caused by the spikes "S2" and "S3" of the output PPS in Fig. 9 .
The abnormal angle measurement in Fig. 12(b) may trigger a false detection of a power system event or a protection action in some SMD measurement based power grid applications. For adaptive out-of-step relay protection, mechanical power can be estimated using a set of real time angle measurement and then equal-area criterion is be used to for stability analysis [9] . If GLS occurs, the accumulated angle measurement error will cause incorrect estimation of mechanical power, which is likely to result in inappropriate determination of swing stability and wrong operations of relay action [10] . Moreover, angle errors of 1.66 E-2 and 1E-2 radian are able to cause failure of event location and oscillation detection for FNET/GridEye application on Eastern Interconnection system respectively [13] . Furthermore, 1E-2 radian angle error can lead to 10% error and the extreme error can be up to 45.87% for the dynamic line rating [13] . Since the accuracy of voltage magnitude measurement keep stable with GSL as shown in Fig. 11 (a) and Fig. 12 (a) , the negative impact of GSL on the linear state estimation is also from phase angle drift [8] .
V. ANGLE COMPENSATION METHOD DURING GSL
The above analysis reveals the negative influence of GSL on the measurement accuracy of SMDs. In this section, an angle compensation method to reduce the angle drift caused by GSL without adding any extra hardware is proposed. As most SMDs are able to re-lock a GPS signal within 30 minutes, as illustrated in Fig. 4 , this section will focus on the compensation method in this period of time.
A. Angle Compensation Method
The critical step of this method is to determine the unique angle drift speed of each device caused by the frequency drift of the onboard crystal oscillator. Fortunately the frequency of the crystal oscillator, which controls the sampling of ADC can be monitored with the PPS as a reference while the GPS signal is available to the unit.
Assuming a m-bit microprocessor with a nominal main frequency f osc , a timer counter of the microprocessor will be triggered by the rising edge of the PPS signal as illustrated in Fig. 13 . The maximum length of the timer is
When t max is less than 1 second, the timer must run continuously, configuring it to automatic reset and restart mode. The calculated frequency of the oscillator F osc is expressed as
where G is the numbers of times the timer restarts between two adjacent PPS signals. W1 and W2 are the values of the timer counter register at the arrival of adjacent PPSs, respectively. Once the device loses the GPS signal, the PPS signal is not accurate. Using the latest calculated frequency of crystal oscillator F osc when GPS signal was available and assuming it will not change within 30 minutes, the PPS timing error for the kth second of GSL is
Then the angle drift for the kth second is
where f grid(k) is the calculated frequency of the power grid at kth second, which is not influenced by the GSL according to the test results in Fig. 11(a) and Fig. 12(a) . Thus, the total angle drift in k seconds is
Error Angle(t) (8) Finally, the rectified angle measurement New_Angle can be obtained via the following compensation formula
B. Test Result of Angle Compensation Method
Experiments are performed to examine and verify the above compensation method. In the first experiment, the angle measurements are collected and plotted in Fig. 14 with the input signal from Doble F6150 Power System Simulator. Clearly, the angle drift is dramatically reduced when applying the angle compensation method, which is considered to be an effective affirmation of the proposed algorithm. Fig. 15 shows the angle result with real power grid signals with two GSL events. Similar to the single GSL event, angle drift can be effectively removed via the proposed compensation method. The results exhibits a satisfying performance of the proposed methods in a practical environment. Thus it can be concluded that the proposed method can significantly mitigate the impact of single or multiple GSLs. Table IV shows the comparison of angle results measurements with and without the proposed compensation. The results demonstrate that angle drift is reduced by more than 90 % using the proposed method. The TVE for the unit without compensation is 2.57% and 7.01% for 10 and 30 minutes GSL respectively, which exceeds IEEE standard C37.118.2011. The TVE after implementing compensation method, as small as 0.18% and 0.62%, respectively. To keep the TVE below 1%, the maximum GSL length is 48 minute using the compensation method. It is safe to conclude that the measurement data is able to meets the standards within at least 30 minutes when GSL occurs. This effect exceptionally evidences the efficacy of the proposed method for reducing the angle error and the necessity of adopting those methods to satisfy C37.118.2011.
The on-board oscillator frequency is continuously measured using the PPS timing reference when the GPS signal is available. However, after losing GPS, the oscillator frequency can no longer be measured. Therefore, the last oscillator frequency measurement available will be used for the duration of the GSL. That is why the phase angle does not recover exactly.
It should be noted that in this section the FDR is used to demonstrate implementation of the proposed solution. As most SMDs use the PPS-triggered sampling strategy and rely on the accuracy of internal oscillators with similar hardware structures for sampling, the proposed method will also be effective in mitigating GSL impact in other SMDs.
To keep the angle error below 1.66 E-2 radian to meet the requirement for power system applications such as event location, oscillation detection and dynamic line rating [13] , the greatest length of GSL is 51 minute using the proposed method, compared to the tolerable length of GSL 5 minutes without using the compensation method. The tolerable length of GSL for these power system applications is dramatically extended using the compensation method.
VI. CONCLUSION
In this paper, the investigation of GSL in SMDs was studied using historical PMU and FNET/GridEye data. The results reveal that GSL is a widespread issue for SMDs that rely on GPS time synchronization. This paper also found that most GSL was resolved quickly, typically in less than 30 minutes.
The impact of GSL in SMDs was studied both theoretically and experimentally. A series of tests on SMDs were performed with input signals from both a signal generator and the real power grid. Results show that the accuracy of frequency and voltage magnitude measurement is not affected dramatically while angle measurement is greatly impaired by the loss of GPS time synchronization. Test results also showed that the accumulative angle error is roughly linear to the GSL duration.
More importantly, an effective method for compensating the angle drift was proposed without adding any extra hardware. The frequency of crystal oscillator, which controls the ADC sampling, was innovatively monitored using the PPS as a reference while GPS signal is available. Thus the angle drift rate of each device can be estimated. Implementation results demonstrated that the compensation method can significantly reduce angle drift and mitigate the impact of GSL in order to meet the IEEE synchrophasor standard for at least 30 minutes. The angle compensation method can improve the reliability of power system applications based on PMU measurement. The tolerable length of GSL can be extended dramatically by employing the proposed compensation method.
In the future, the authors will study the specific patterns of GSL in SMDs and the relationship between GSL and weather, spatial location, and solar activity, etc. In addition, the authors plan to improve the accuracy of angle compensation method and extend the time SMDs can withstand with GSL. Furthermore, while the findings presented here can be extrapolated from FDRs to all SMDs, the authors plan to test the impact of GSL and the performance of proposed angle compensation method on other types of SMDs, e.g., commercial PMUs.
